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ABSTRACT: Two-dimensional (2D) semiconductors are ideal
channel materials for high-speed, low-power transistors in the post-
Moore era due to their high mobility and excellent gate-control
capacity. However, most existing 2D semiconductors tend to
exhibit either n-type or ambipolar behavior. The limited availability
of intrinsic p-type 2D semiconductors significantly restricts their
application in logic circuits and integrated circuits. Herein, we
present the experimental discovery of high-quality In2Ge2Te6 single
crystals, which possess a layered structure and exhibit a p-type
nature with a low hole-effective mass of 0.27 m0. The 2D In2Ge2Te6
nanosheets, exfoliated from the bulk crystals, show good stability in
air, with thickness-dependent variations in Raman peaks and
bandgaps. Furthermore, we have successfully developed high-performance 2D In2Ge2Te6 p-channel transistors, achieving a hole
mobility and on/off current ratio up to 43 cm2 V−1 s−1 and 105 at room temperature, respectively. Thus, In2Ge2Te6 emerges as a
promising p-type 2D semiconductor for next-generation electronics.
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The surge in computing demand has hit silicon-based
integrated circuits with challenges like short-channel

effects, severe heating, and high processing costs.1,2 Two-
dimensional (2D) semiconductors have been considered the
ideal channel materials to continue Moore’s law for the merits
of atomical thickness and no dangling bonds.3,4 However, most
2D semiconductors studied, particularly transition-metal
dichalcogenides (TMDCs), are either n-type or ambipolar
due to charge impurities and structural defects.5 These issues
impede the use of p-type semiconductors in high-speed, low-
power logic circuits and van der Waals (vdW) heterostructure
devices.6−9 Therefore, there is a pressing need to explore and
directly synthesize high-performance intrinsic p-type 2D
semiconductors.

In2Ge2Te6 is a layered material with a ternary composition,
and bulk In2Ge2Te6 demonstrates p-type semiconductor
behavior with a Seebeck coefficient exceeding 300 μV K−1.10

Calculations predict that 2D In2Ge2Te6 is dynamically stable
and functions as a semiconductor with a direct bandgap of 1.4
eV, alongside high carrier mobility exceeding 103 cm2 V−1

s−1.11 These characteristics suggest that 2D In2Ge2Te6 has
substantial potential for future applications in electronics and
optoelectronics. Here, we demonstrate that high-quality
In2Ge2Te6 bulk single crystals, produced using a two-step
chemical vapor transportation (CVT) method, exhibit a direct
bandgap (Eg) of 0.81 eV and a hole effective mass (m*) of
0.27. We also obtained a series of 2D In2Ge2Te6 nanosheets

with a minimum thickness of 0.4 nm (monolayer) from the
bulk crystals using mechanical exfoliation (ME). Our findings
indicate that the Raman peaks and bandgaps of the nanosheets
vary with thickness, and the material exhibits good chemical
stability when exposed to air for over two months.
Furthermore, we fabricated 2D In2Ge2Te6 bottom-gate FET
devices, with the highest room-temperature hole mobility and
on/off current ratio of 43 cm2 V−1 s−1 and 105, respectively,
achieved at a thickness of 13 nm. This p-type behavior arises
from the differing binding forces of Ge−Ge for electrons in the
z and xy directions, which leads to the potential formation of
holes in the xy direction. In conclusion, we established that 2D
In2Ge2Te6 is a promising candidate for future electronic and
optoelectronic devices due to its p-type nature, suitable
bandgap, excellent air stability, low effective mass, and high
hole mobility.

In2Ge2Te6 is a layered material stacked in an ABC sequence
through vdW interactions along the c-axis (Figure 1a). The
indium atoms (red) are at the center of the octahedra formed
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by the tellurium atoms along the x−y plane. Each germanium
atom (green) is bonded to one germanium and three tellurium
atoms (blue). The bond lengths for bulk In2Ge2Te6 of Ge−Te,
Ge−Ge, and In−Te are 2.59 Å, 2.43 Å, and 3.02 Å,
respectively. The optimized lattice constant for In2Ge2Te6 is
a = b = 7.11 Å. The detailed structural parameters are listed in

Table S1. We analyzed the electronic local function (ELF) of
monolayer In2Ge2Te6 to investigate its bonding characteristics
(Figure S1). It revealed that there is almost no electron
localization between In and Te atoms, indicating that the In−
Te bonds are ionic in nature. The low ELF value also confirms
this. On the other hand, high ELF values between Ge−Ge

Figure 1. Crystal and electronic structure of bulk In2Ge2Te6 single crystals. (a) Layered crystal structure of bulk In2Ge2Te6 in 3D view (left), top
view (top right), and side view (bottom right). (b) Calculated band structure and DOS of bulk In2Ge2Te6 with a direct bandgap of ∼0.86 eV. (c)
XRD pattern of bulk In2Ge2Te6. The embedded image is a photo of a CVT-grown bulk In2Ge2Te6 single crystal. (d) Time-resolved ARPES spectra
near the Γ point at 0.5 ps pump probe delays for bulk In2Ge2Te6 with a direct bandgap of ∼0.81 eV. (e) The electronic band structure of bulk
In2Ge2Te6 measured by spatial-resolved ARPES along the Γ−M−K direction. The inset white hexagon shows the Brillouin zone of bulk In2Ge2Te6.
The VBM is located at −0.35 eV. (f) Electronic band structure of bulk In2Ge2Te6 by a spatial-resolved ARPES test along the Γ−M direction. The
yellow dashed lines represent the valence band around the Fermi level, while the red circle represents the hole carrier effective mass, which was
determined to be 0.27 through the fitting. (g) The measured point like the Fermi surface map of bulk In2Ge2Te6 at a photon energy from −0.35 eV
to −0.60 eV. The energy band changes near the Γ point on the Fermi surface demonstrate good hexagonal symmetry.
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suggest some covalent features in the Ge−Ge interaction. This
means that the electron distribution centered in the middle of
the Ge−Ge bond indicates a covalent bonding connecting the
two nearest neighboring GeTe3 tetrahedrons. We also studied
the band structure and density of states (DOS) of bulk
In2Ge2Te6 by the Heyd−Scuseria−Ernzerhof (HSE) function
calculation with spin−orbit coupling (SOC) effects. The VBM
is located at the Γ point, while the conduction band minimum
(CBM) occurs at the Γ point, leading to a direct bandgap of
0.86 eV (Figure 1b). Our analysis of the projected density of

states (PDOS) of bulk In2Ge2Te6 revealed that the VBM is
primarily contributed by the Te-p orbital, with some
contribution from the Ge-p orbital. Two notable resonant
peaks in the valence band (VB) regions indicate significant
orbital interactions between Te and Ge atoms through p−p
hybridizations. This mitigates the localization of electrons and
reduces the scattering in the VB.12,13 Using first-principles
calculations, we also investigated the effective mass and carrier
mobility of 2D In2Ge2Te6. Our results show that the mono-
and bilayer In2Ge2Te6 have a low hole effective mass (0.2 and

Figure 2. Morphology and atomic structure of 2D In2Ge2Te3 nanosheets. (a) OM image and corresponding AFM height profile of 2D layered
In2Ge2Te6 nanoflakes. (b) Elemental analysis of 2D In2Ge2Te6 nanosheets by EDS: In, Ge, and Te elemental mappings, respectively. (c) EDS
spectrum and atomic fraction of In, Ge, and Te of In2Ge2Te6 in (b). The approximate location of the profile measurement is indicated within the
yellow rectangular box in part (b). (d) STEM image of the 2D In2Ge2Te6 nanosheets. The atomic resolution image shows that the interplanar
spacing is ∼0.21 nm. (e) Enlarged STEM image corresponding to (d) and the intensity profile of the purple rectangle region. Scale bar, 0.5 nm. (f)
Corresponding SAED pattern of 2D In2Ge2Te6 nanosheets. (g) Cross-sectional STEM image of the bulk In2Ge2Te6. (h) Enlarged STEM image
corresponding to (g) and the intensity profile of the purple rectangle region. Scale bar, 0.5 nm. (i) Corresponding cross-sectional SAED pattern of
bulk In2Ge2Te6.
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0.16) and high hole mobility (379 and 2271 cm2 V−1 s−1),
indicating that 2D In2Ge2Te6 is a very potential and
competitive p-type 2D semiconductor (Table S2).14

Conventional CVT methods for synthesizing In2Ge2Te6
single crystals often result in the formation of GeTe and
In2Te3 as undesired byproducts.11 To overcome this issue, we
synthesized high-quality hexagonal In2Ge2Te6 by combining
the CVT method with presintering. The details of the synthesis
can be found in the Supporting Information. First, we
examined the X-ray diffraction (XRD) pattern of bulk
In2Ge2Te6 (Figure 1c). All diffraction peaks of bulk In2Ge2Te6
are indexed well to the (003n) direction, confirming that the
sample had grown preferentially along the c direction. The
inset in Figure 1c shows the single-crystalline bulk In2Ge2Te6
crystal with a hexagonal shape, measuring 5 mm in size. We
used time-resolved ARPES to observe the electronic band
structure of bulk In2Ge2Te6 and identify its ultrafast electronic
dynamics and unoccupied electronic states. The results show a
direct bandgap with 0.81 eV (Figure 1d). Photoluminescence
(PL) measurements reveal that bulk In2Ge2Te6 exhibits an
optical bandgap of 0.84 eV (Figure S6), which in close
agreement with the bandgap of 0.81 eV determined by tr-
ARPES. We further explored the electronic band structure of
bulk In2Ge2Te6 using spatial-resolved ARPES tests. The overall
highly symmetric bands along Γ−K and Γ−M confirm the
position of VBM located at the Γ point at −0.35 eV (Figure

1e), and the inset is the Brillouin zone of the In2Ge2Te6
lattice.15 Due to the direct band being 0.81 eV and the VBM at
−0.35 eV, the VBM is closer to the Fermi level, indicating that
bulk In2Ge2Te6 is a p-type semiconductor with a direct
bandgap. More importantly, we observed a very low in-plane
hole effective mass of m* = 0.27 by fitting the VB mapped out
by ARPES (Figure 1f; for more details, see Figure S7). We
compared the performance of our material and other published
p-type 2D semiconductors, focusing on the effective mass
surveying by ARPES (Figure S8 and Table S3). In theory, a
lower effective mass correlates with higher mobility in p-type
2D semiconductors, making them excellent candidates for
electronic applications. The hole effective mass of 2D
In2Ge2Te6 is ∼0.27, comparable to conventional p-type 2D
semiconductors like WSe2 and SnS, smaller than TeO2, GaSe,
and GeTe.16−19 This suggests that 2D In2Ge2Te6 has
significant potential for further improvement in hole mobility.
While BP exhibits better effective mass than In2Ge2Te6, the
former offers terrible air stability, making it unsuitable for
practical applications.20,21 In addition, the stacking plots of
constant energy contours from −0.60 eV to −0.35 eV indicate
that the band fluctuations show evident 6-fold symmetry
around the VBM at the Γ point, matching well with the
theoretical simulation results of In2Ge2Te6 being a hexagonal
lattice structure (Figure 1g).

Figure 3. Raman, bandgap spectra and p-type conductive mechanism of 2D In2Ge2Te6. (a) Thickness-dependent Raman shift trend of Ag
1 and Ag

2

frequency of In2Ge2Te6 nanosheets. (b) The optical bandgap of a series of 2D In2Ge2Te6 nanosheets using the UV−vis absorption spectra. (c) The
comparison of bandgap and thickness relationships on simulations and experiments. (d) UPS spectra of a 9.5 nm-thick In2Ge2Te6 nanosheet, inset:
band diagram model obtained from absorption and UPS measurements, where the optical bandgap is 1.01 eV. (e) PDOS of In, Ge, and Te of
monolayer In2Ge2Te6.
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We exfoliated 2D In2Ge2Te6 nanosheets successfully, which
is beneficial in investigating the structural and physical
properties at the 2D atomic scale. The optical microscopy
(OM) image shows exfoliated 2D In2Ge2Te6 nanosheets with a
thickness of 2.65 nm, corresponding to 4 layers (4L) (Figure
2a). It is further accessible to obtain 2D In2Ge2Te6 with
thinner thicknesses (Figure S10). An energy dispersive
spectroscopy (EDS) test verifies that the 2D In2Ge2Te6 is
composed solely of In, Ge, and Te. Meanwhile, the
homogeneous color distribution of the elemental mapping
indicates the highly uniform distribution of the three elements
in the whole nanosheet (Figure 2b). The atomic fractions of
In, Ge, and Te obtained from a line sweep of Figure 2b are
roughly in the ratio of 1:1:3, as shown in Figure 2c. To better
understand the crystal structure and confirm the quality of 2D
In2Ge2Te6 nanosheets, we used HAADF-STEM to analyze the
in-plane and cross-sectional atomic arrangements. Our
observations show that the 2D In2Ge2Te6 nanosheets have
high crystallinity, as we did not detect any significant defects in
the in-plane STEM image (Figure 2d). We measured the
crystalline interplanar lattice spacing to be 0.21 nm, which
corresponds to the (11̅0) and (100) planes of the hexagonal
In2Ge2Te6 crystal. Additionally, the angle between the two
crystal planes is 60°, consistent with the calculated lattice
structure. By analyzing the contrast of different atoms, we were
able to determine the atomic arrangement of 2D In2Ge2Te6
(Figure 2e). This arrangement shows that an In atom is
surrounded by six Te atoms, and a Ge atom is also surrounded
by six Te atoms, which is consistent with the top view atomic
structure simulated in Figure 1a. Moreover, the selected area
electron diffraction (SAED) patterns with a set of single-
crystalline scattered bright spots illustrate the hexagonal
structure of 2D In2Ge2Te6 (Figure 2f). The patterns show
the crystalline phase of (11̅0) and (100), and the intersection
angles of each other match well with the information displayed
in the HAADF-STEM image. All the above findings
demonstrate that the exfoliated 2D In2Ge2Te6 nanoflakes are
of excellent crystal quality. We analyzed the cross-sectional
image of In2Ge2Te6 using the focused ion beam (FIB) method
to better understand the crystal structure of layered In2Ge2Te6.
We aimed to determine the layered structure’s thickness,
spacing, and stacking mode. The cross-sectional HAADF-
STEM image confirms the layered structure and vdW gap
(Figure 2g). It also shows the arrangement of atoms along the
c-axis, with three atoms matching Te−In−Te atoms and two
atoms corresponding to Ge−Ge atoms, as well as Te−In−Te,
Te−In−Te, and Ge−Ge atoms alternately arrayed in each
layer. The atomic arrangement between layers confirms the
simulated structure of layered In2Ge2Te6 with the ABC
stacking mode. We measured the lattice spacing of 0.72 nm
along the c-axis and the atomic height of each layer as 0.38 nm
through the intensity line profiles, consistent with the
simulation results of 0.711 and 0.388 nm. We also deduced
that the vdW gap is 0.34 nm. The above results are presented
in Figure 2h. The SAED patterns show scattered bright spots
along the c-axis, illustrating the layer structure of In2Ge2Te6
crystals (Figure 2i).22

To explore layer-dependent characteristics corresponding to
both lattices, we perform a series of Raman characterizations of
different thickness In2Ge2Te6 with a green laser (λ = 532 nm)
in the air. The typical Raman spectrum of the In2Ge2Te6
single-crystal flakes ranging from 50 to 600 cm−1 is presented
in Figure 3a. We observed three peaks of 20.8 nm thickness

In2Ge2Te6 flakes located at 101 cm−1, 125 cm−1, and 142 cm−1,
which can be assigned to Eg, Ag

2, and Ag
1 modes, respectively. Eg

and Ag present the in-plane and out-of-plane vibration.
Moreover, we found that the Ag

2 and Ag
1 modes exhibit

redshifts with increasing sample thickness, while the Eg mode
has a relatively weak dependence on the thickness. According
to the classical model of coupled harmonic oscillators, the Eg,
Ag

2, and Ag
1 modes are, in principle, blue-shifted; however, the

Ag
1 and Ag

2 modes show a visible redshift. In ultrathin 2D
materials, the quantum confinement effect is pronounced,
leading to the localization of atomic wave functions. As the
thickness increases, the wave functions gradually delocalize,
weakening the quantum confinement effect. This results in a
decrease in the vibrational mode frequencies, thereby causing a
redshift.23,24 Meanwhile, the thickness-insensitive behavior of
the Eg mode may be due to the long-range interlayer Coulomb
interactions.25,26 The stability of p-type semiconductor
materials in air significantly affects their application prospects.
Therefore, we investigated the air stability of 2D In2Ge2Te6 by
leveraging Raman spectroscopy. The results demonstrated 2D
In2Ge2Te6 exhibits excellent ambient air stability. We studied
the influence of thickness on the band structure of 2D
In2Ge2Te6, using micro infrared absorption spectroscopy and
first-principles calculations of density functional theory (DFT).
Experimentally, we measured the optical absorption properties
of 2D In2Ge2Te6 nanosheets with different thicknesses. Our
findings show that the absorption capacity of thicker
nanosheets is significantly higher than that of thinner
nanosheets, and the absorption band edge has a redshift as
the thickness increases. This indicates that the bandgap width
is reduced. A formula can calculate the energy gap value.

=Ahv B hv E( ) ( )n
g (1)

where B is the constant coefficient and hv is the energy of the
incident photons. n = 2 when the material is a direct bandgap
semiconductor, and n = 0.5 when the material is an indirect
bandgap semiconductor. By plotting the (Ahv)2 curve
proportional to the (hv) curve, we calculated the effective
optical bandgap of the 2D In2Ge2Te6 of different thicknesses
(Figure 3b). We observed that the optical absorption bandgaps
of synthesized crystals with a thickness of 5.1, 9.5, 13.3, and
17.0 nm are approximately 1.09, 1.01, 0.91, and 0.85 eV,
respectively. Theoretically, the HSE patterns with SOC of the
bandgap for monolayer, bilayer, trilayer, and four-layer
In2Ge2Te6 were calculated. Their corresponding bandgaps
are ∼1.45 eV, ∼1.31 eV, ∼1.23 eV, and ∼1.16 eV, respectively
(Figure S13). To clearly compare the experimental results and
DFT theoretical calculations, we separately calculated the
bandgap values corresponding to different thicknesses in
theory and experiment (the points in Figure 3c). It can be
seen that both theoretically and experimentally, the bandgap
increases with the decrease in thickness, and the variation
pattern is almost the same. This trend is primarily attributed to
the amplification of quantum confinement effects in 2D
structural systems. Electrons in 2D materials are confined
vertically, and reducing the thickness will boost electron
interaction, strengthen the confinement effect, and conse-
quently increase the energy gap.27

We used ultraviolet photoelectron spectroscopy (UPS) and
absorption spectra to investigate the energy band diagram of
In2Ge2Te6 nanoflakes (9.5 nm). The formula is as follows:
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=W HV E E( )f cutoff f (2)

where hv is the incident photon energy (21.2 eV) and the
Ecutoff is the onset level associated with secondary electrons. We
found that theWf of In2Ge2Te6 is 5.46 eV. The VB is located at
0.41 eV below the Fermi energy (EF) by linearly extrapolating
the leading edge of the spectrum to the baseline (Figure 3d).
Moreover, the absorption spectra (Figure 3b) revealed that the
optical bandgap of the 9.5 nm In2Ge2Te6 nanoflake is ∼1.01
eV. Therefore, we determined the energy band diagram and
displayed it in the inset of Figure 3d. The Fermi level is closer
to the VBM than the CBM, indicating the intrinsic p-type
semiconductor characteristic of 2D In2Ge2Te6. To further
investigate the p-type nature of this material, we calculated the
electronic band structure of monolayer In2Ge2Te6. We found
that it has a direct bandgap of 1.45 eV (Figure S13) and
examined the PDOS of the state of In, Ge, and Te (Figure 3e)
at the HSE06 level. The Te atoms in the VB closer to the
Fermi level have px, py, and pz orbitals with similar energies.
This similarity can also be observed in the px, py, and pz orbitals
of In atoms. Thus, the In-p and Te-p orbitals are hybridized
similarly to nearby atoms in the x, y, and z directions, resulting
in approximately equal binding forces for electrons. In contrast,
as shown in Figure 3e, the Ge atoms’ energy of pz orbitals is
substantially higher than that of px and py orbitals, implying

that the pz suborbitals in the VB contribute significantly more
to the pz orbitals than px and py. Upon analyzing the ELF
(Figure S1), we found that Ge−Ge exhibits covalent bonding
capabilities along the z-axis direction, exerting significant
binding forces on electrons and focusing between the two
atoms. Ge−Te also shows covalent bonding capabilities along
the xy axis. However, due to the significant hybridization
between the Ge-p and Te-p orbitals, electrons are predom-
inantly confined around Te atoms, raising the potential of
holes near Ge. We speculate that the p-type characteristic of
2D In2Ge2Te6 originates from the different binding forces of
Ge−Ge for electrons in the z and xy directions, which leads to
the potential formation of holes in the xy direction.28

We conducted research on the electrical properties of 2D
In2Ge2Te6 by creating bottom-gate FET devices with Cr/Au
(3 nm/60 nm) as the drain and source electrodes (Figure 4a).
To investigate the electrical transport properties of a 13 nm-
thick In2Ge2Te6 FET, we measured Ids−Vds output and Ids−Vgs
transfer curves. The output characteristic curve showed a good
linear relationship, indicating that the metal electrode and
channel material formed an ohmic contact (Figure 4b). The
transfer curves were from a set of Vgs and Ids with the
application of Vds from 0.5 V to 2 V (Figure 4c). The on-state
current reached 10−5 Å, and the off-state current could be

Figure 4. Field-effect transistor performance of p-type 2D In2Ge2Te6. (a) Schematic of the back-gate 2D In2Ge2Te6 FET device. The gate is p+-Si,
and the source and drain contacts are Cr/Au (3/60 nm). (b) Output curves of the 2D In2Ge2Te6 FET device under different back-gate voltage
(range from −30 to 0 V). Inset: OM image of the 2D In2Ge2Te6 FET device; scale bar, 5 μm. The thickness of the In2Ge2Te6 nanoflake is ∼13 nm.
(c) Transfer Ids−Vgs curves of a 13 nm-thick In2Ge2Te6 nanoflake FET device under 0.5, 1, and 2 V drain voltage. (d) Field-effect mobilities and
on/off ratio as a function of thickness of 2D In2Ge2Te6-based FETs, in which results are extracted from six devices with thicknesses from 3 to 22
nm. The error bars represent the statistical variation obtained from multiple measurements on the same device under different drain−source
voltages (Vds = 0.5, 1, and 2 V). (e) Temperature-dependent output Ids−Vds curves of the In2Ge2Te6 FET device (range from 20 to 300 K). (f) σ−
1000/T (20−300 K) plot and the Arrhenius-rule fit curve.
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reduced to 10−10 Å. The switching ratio of the 2D In2Ge2Te6
FET reached ∼105, which could realize the current off. We
calculated the estimated room-temperature field-effect mobility
(μ) as a function of Vgs by using the following equation:

= L
V WC

I
V

d
dds i

ds

gs (3)

where L and W are the length and width of the channel, Ci is
the capacitance per unit area between the channel and bottom
gate (Ci = ε0εr/di, ε0: vacuum dielectric constant, εr: relative
dielectric constant of SiO2, di: the thickness of the dielectric
layer), and dIds/dVgs is the transconductance of transfer
characteristic curves. The average hole mobility from 2D
In2Ge2Te6 FET devices (W = 5 μm and L = 6 μm) is ∼43 cm2

V−1 s−1. The highest reported mobility of 2D In2Ge2Te6 is
approximately 43 cm2 V−1 s−1, which exceeds the mobility
values of materials such as CuAlO2, GaSe, and GeTe and is
comparable to those of traditional and extensively studied p-
type 2D semiconductors like WSe2, TeO2, and SnS (Table S3).
Additionally, In2Ge2Te6 exhibits a lower effective mass of 0.27
compared to the aforementioned materials. This suggests that
2D In2Ge2Te6 has the potential for further enhancement in
hole mobility. Although BP outperforms In2Ge2Te6 in terms of
mobility and effective mass, the superior air stability of
In2Ge2Te6 endows it with broader prospects for research and
potential applications.16−21 We also investigated the FET
performance with different thicknesses of 2D In2Ge2Te6 to
illustrate the thickness-dependent evolution of hole mobility
and on/off current ratio (Figures 4d and S16). The results
indicate that the mobility of 2D In2Ge2Te6 FET increased and
then decreased with increasing thickness. The hole mobility
reached its maximum at 13 nm and subsequently declined
slightly with additional increases in thickness. Thinner samples
are more susceptible to charge impurities at the interface and
micro-nanofabrication processes, leading to lower hole
mobility and on/off current ratio. The increased phonon
density with thickness enhances carrier-phonon scattering,
reducing carrier mean free path and consequently lowering
mobility and on/off current ratio.23 To investigate the
electrical transport mechanism of 2D In2Ge2Te6, we conducted
temperature-dependent electrical measurements of the FET at
20−300 K (Figure 4e). Additionally, we plotted the calculated
conductivity σ versus 1000/T curve, exhibiting a typical
Arrhenius feature (Figure 4f). The data are fitted well using the
double activation energies equation given by
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where σ1 and σ2 are conductance prefactors, E1 and E2 are two
different activation energies in thermal activation and
conduction, kB is the Boltzmann constant, and T is
temperature. The fitting results showed that E1 and E2 were
199.4 and 40.5 meV, respectively, corresponding to the deep
and shallow acceptor states.29,30 The temperature-dependent
carrier transport reveals three distinct regimes with funda-
mentally different conduction mechanisms. We have identified
distinct behaviors that are intricately linked to the activation of
carriers across different temperature regimes. Specifically, we
find that thermally activated carriers (holes) do not originate
from shallow acceptor states but rather from deep acceptor
states, which become increasingly active and dominate the

conduction process above 200 K. In this high-temperature
regime, intrinsic excitation is predominant, facilitating the
migration of acceptor carriers to the VB through thermal
activation, thereby enhancing the hole carrier concentration. In
the intermediate temperature range of 100−200 K, carrier
transport is governed by trap-assisted tunneling or variable-
range hopping, indicative of significant trap states that impede
carrier mobility. At lower temperatures (<100 K), impurity
excitation emerges as the dominant mechanism, with minimal
temperature dependence on conductivity.31,32

For this work, we have developed high-performance p-type
FETs that utilize 2D In2Ge2Te6 as the channel material. Our
research shows that bulk In2Ge2Te6 single crystals are intrinsic
p-type semiconductors with a direct bandgap of 0.81 eV and an
effective mass of 0.27. The 2D layered In2Ge2Te6 nanosheets,
obtained through exfoliation from the bulk material,
demonstrate good air stability. The intrinsic p-type conduction
arises from the differing binding forces of Ge−Ge for electrons
in the z and xy directions. Our FET devices demonstrate
thickness-dependent performance evolution, with field-effect
hole mobility and on/off current ratio up to 43 cm2 V−1 s−1

and 105 at room temperature (13 nm thick). We anticipate
further improvements in FET device performance by reducing
interface defects and lowering the Schottky barrier height. The
discovery of 2D In2Ge2Te6 provides a competitive p-type
semiconductor for the 2D material family. It can potentially
lead to the development of high-speed and low-power
complementary logic circuits and vdW heterostructure devices.
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